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Resonant tunneling diodes have been fabricated using strained-Si wells and strained Si0.4Ge0.6
barriers on a relaxed Si0.8Ge0.2 n-type substrate, which demonstrate negative differential resistance
at 298 K. Peak current densities of 5 kA/cm2 with peak-to-valley current ratios of 1.1 have been
achieved. Theoretical modeling of the structure demonstrates that the major current peak results
from the tunneling of light-mass electrons from the relaxed substrate and not from the heavy-mass
electrons in the emitter accumulation layer. © 2000 American Institute of Physics.
@S0003-6951~00!02337-8#Resonant tunneling diodes ~RTDs! are now a mature
technology in the III – V system with many demonstrations
of memory1 and logic2 circuits. The vast majority of the
microelectronics industry, however, is based on Si and,
therefore, there is great interest in attempting to create RTDs
using Si/SiGe heterostructures.3 The performance has been
substantially poorer in both the p- ~Ref. 4! and the n-type
Si/SiGe systems.5 Indeed, the n-type system has the only
room-temperature demonstration of negative differential re-
sistance ~NDR! with a peak current density of 0.4 kA/cm2 at
a peak-to-valley ratio ~PVR! of 1.2,5 even though many of
the strained layers were above the equilibrium critical
thickness.3 The NDR in p-type Si/SiGe RTDs is quenched
well below room temperature by thermally assisted tunneling
through higher resonance states.6 The best performance in
Si-based tunnel diodes have come from interband diodes7
with peak current densities of 3 kA/cm2 with a PVR of 4.2
~Ref. 8! or 10.8 kA/cm2 with a PVR of 1.42.9 The major
problem is that these diodes have been fabricated by
molecular-beam epitaxy with d-doped layers and will be
very difficult to place in circuits and processed with metal–
oxide field-effect transistors ~FETs! or heterostructure FETs.
Results are presented on Si/SiGe RTDs with much
higher peak current densities at room temperature. Structures
were designed with strained Si12xGex barriers on a relaxed
Si12yGey substrate to confirm if a barrier exists in the con-
duction band when x.y , as has been suggested by theory.10
Theoretical modeling of the structures is also presented to
understand the electronic transport mechanisms in the de-
vices to allow future optimization of performance.
The wafers for the work were purchased from DERA,
Malvern ~U.K.!. They were grown in an ultra-high-vacuum
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SiH4 and GeH4 gases in a H2 carrier. AsH4 was used to dope
the contact regions n type11 at ND;331018 cm23. The het-
erolayers were grown on an n-type ~100! Si substrate with
approximately a 3-mm-thick, n-type, strain-relaxation buffer
graded from Si to Si0.8Ge0.2 and a 1-mm-thick n-Si0.8Ge0.2
buffer. The wafer was then removed from the growth cham-
ber and given a modified RCA clean11 to remove excess As
from the surface in an attempt to circumvent the As dopant
segregation problems in CVD material.12 This technique of
regrowth has already demonstrated high mobilities at low
temperatures when used in modulation-doped samples with
the cleaned interface 10 nm below the strained-Si quantum
well.11 The wafers were replaced in the growth chamber and
the following layers grown: 10 nm i-Si0.8Ge0.2 buffer, 10 nm
i-Si, 2 nm i-Si12xGex barrier, 3 nm i-Si well, 2 nm
i-Si12xGex barrier, 10 nm i-Si, 50 nm n-Si0.8Ge0.2, and a 4
nm n-Si cap. Two wafer were grown with the Ge concentra-
tions in the barriers of x50.2 and 0.6. Devices were pro-
cessed into mesas using reactive ion etching and Au ~1% Sb!
ohmic contacts were used.
Figure 1 shows a cross-sectional transmission electron
micrograph ~TEM! from the center of the wafer with the two
Si0.4Ge0.6 barriers clearly visible. The regrowth interface ap-
pears as a light line below the lowest Si quantum well and is
FIG. 1. Cross-sectional transmission electron ~TEM! micrograph from the
center of the wafer.3 © 2000 American Institute of Physics
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influence the electron transport.11 Figure 2 shows the two-
terminal current–voltage (I – V) characteristics from two de-
vices fabricated from different parts of the wafer with the
Si0.4Ge0.6 barriers, both showing clear NDR at 298 K. The
maximum peak current density is 5 kA/cm2 and the maxi-
mum PVR is 1.1. The wafer with Si0.8Ge0.2 barriers did not
show NDR at room temperature, confirming the increased
barrier height for the strained-Si0.4Ge0.6 barriers. The differ-
ence in I – V characteristics from the two devices in Fig. 2
can be attributed to an approximate 20 K variation in tem-
perature across the wafer during growth. This substantially
changes the thicknesses and composition of the heterolayers
across the wafer,13 which is useful in the present case to
investigate how the transport properties change with chang-
ing layer structure. Towards the edge of the wafer, the Ge
content is reduced by about 2% and the layer thicknesses are
reduced13 ~30330 mm2 device in Fig. 2!, which results in a
reduced peak current density.
The I – V characteristics were also modeled theoretically.
While there has been substantial modeling of III – V RTDs,14
here the valleys and anisotropic masses in the Si-based con-
duction band must be accounted for. There will be two main
tunneling current contributions: one from the localized states
from the accumulation layer in the Si spacer on the emitter
side of the tunnel barriers and a second from the bulk, ex-
tended states of the relaxed n-Si0.8Ge0.2 contacts. The
Tsu–Esaki15 formula was generalized to account for the ex-
tended states with the valleys and anisotropic effective
masses, ml50.9m0 and mt50.2m0 with m0 the free-electron
mass. No account of the small effective-mass variations in
the different materials was taken.10 The transmission coeffi-
cient and, hence, the tunneling current was obtained self-
consistently using a recursive Green’s function technique.
For the localized states, the potential profile in the accumu-
lation layer was calculated using a self-consistent Poisson–
FIG. 2. I – V plots for two different devices taken from different parts of the
wafer with Si0.4Ge0.6 tunnel barriers. The difference in peak positions is
attributed to contact and series resistances along with material composition
and layer differences for the two devices.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toSchro¨dinger solver. This allows the wave function of the
accumulation layer to be obtained which is then divided into
N segments and the transmission coefficient of each segment
to the collector is calculated using a recursive Green’s func-
tion technique. The total current is then the sum of the two
contributions. The model should be accurate in determining
the peak current density but not the valley current, which is
determined by numerous scattering and thermal currents.14
Figure 3 shows the calculation results with the subband
energies in ~a! and the I – V in ~b! at 0 K. The first resonance
below 0.1 V corresponds to the heavy electron mass (ml)
from states in the accumulation layer and, therefore, the
transmission probability is very small. The second quasi-
bound state in the central well (Et1) is the first state from the
light electron mass (mt) in the bulk and provides the main
peak in the I – V characteristics. The light-mass state in the
accumulation layer (Et1) is not occupied and, therefore, can-
not contribute to the current. The second peak in the I – V has
approximately equal contributions from the heavy-mass and
light-mass electrons from the accumulation and bulk regions,
respectively. In this case, the transmission coefficient for
electrons with a heavy mass is significantly higher than for
the El
1 resonance because of the higher electron energy.
The peak voltages in the experimental and theoretical
cases are different due to the parasitic series resistances from
the contact regions in the experimental measurement. Only
room-temperature measurements could be obtained due to
the contact regions being doped too low and the contacts
freezing out at lower temperatures. Higher doping will also
reduce the peak current voltage as required for applications.
Attempts at annealing the metallic contacts resulted in
shorted devices due to spiking. The peak currents agree
FIG. 3. ~a! Position of quasibound states in the emitter and central wells.
Indices t ~transverse!, l ~longitudinal! refer to the states with the light and
heavy electron masses, respectively. ~b! Current characteristics as a function
of the applied voltage calculated from theory. The total current is dominated
by the extended states at almost all voltages. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the interface roughness, which is evident in Fig. 1, as well as
the difference in temperature between the model calculations
and the experiment. The high-resolution image ~Fig. 4!
shows a roughness of several monolayers at the Si/SiGe in-
terface. The SiGe layers can be recognized by their darker
contrast in the high-resolution image but the barriers are too
thin to accurately determine the Ge content and distribution.
It is quite possible that the profile is not rectangular as has
been assumed in the modeling. A second peak is visible on
the 40340 mm2 device ~Fig. 2!, which may be due to the
combined localized and extended states tunneling.
In conclusion, Si/SiGe RTDs have been fabricated which
demonstrated a peak current density of 5 kA/cm2 and a PVR
of 1.1 at 298 K. The results clearly demonstrated that a
strained-Si12xGex heterolayer grown on a relaxed Si12yGey
substrate (x.y) forms a barrier to electrons as predicted by
theory.10 Theoretical modeling of the transport suggests that
the tunneling current is predominantly from light-hole elec-
FIG. 4. High-resolution TEM micrograph showing the Si0.4Ge0.6 barriers.
The dashed lines are drawn to guide the eye.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject totrons from the relaxed Si0.8Ge0.2 contact layers and not from
the accumulation layer formed in the strained-Si spacer on
the emitter side. High-resolution TEM pictures show inter-
face roughness of the order of two atomic layers, which is
the major limitation of RTD devices. While the present cur-
rent densities are adequate for numerous circuits, the PVR
requires to be increased to over 2 with the resonance at a
lower voltage before these devices can form useful circuits.
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